Selective transfer of the two products of the ColIb primase gene, sog, from donor to recipient cell during conjugation was demonstrated by two independent methods. The transfer of these tra proteins was unidirectional and dependent on DNA transfer. The Sog polypeptides were localized to the cytoplasm of the donor cell, but they appeared to interact with other tra gene products located in the inner membrane. After cell mating, the transferred polypeptides were found to be in the cytoplasm of the recipient cell, and it is estimated that as many as 500 Sog polypeptides were transferred per round of conjugation. It is proposed that these proteins are transferred as a result of an interaction with the single-stranded DNA and that the transferred strand may be coated with Sog polypeptides.
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During bacterial conjugation mediated by Incll plasmids such as ColIb-P9, a specific plasmid strand is transferred to the recipient cell, where the double-stranded DNA molecule is regenerated (31) . DNA synthesis on the transferred strand is initiated by a plasmid-encoded DNA primase that is the product of a gene called sog (11) . This gene is a component of the I1 conjugation (tra) system, and it specifies two large, in-phase translation products of Mr 210,000 and 160,000, which are designated here Sog-210 and Sog-160 (7, 23, 27, 32) . The primase generates short RNA primers, and this activity is dependent on the N-terminal third of Sog-210 (7, 20, 32) .
To initiate DNA synthesis on the transferred plasmid strand, sog DNA primase is supplied by the donor cell and transmitted to the recipient bacterium. The primase is remarkable in this respect because no general transfer of proteins occurs during bacterial conjugation (26, 28, 29) . Primase transfer was first inferred from a functional test which showed that the enzyme originating from the donor strain could restore bacterial DNA synthesis in mated recipients defective in Escherichia coli primase (12) . Subsequently, it was demonstrated that Sog-210 and Sog-160 from labeled donor cells were present in a set of proteins selectively retained by recipients after conjugation (23) .
The objective of this work was to characterize further the transfer of Sog polypeptides during bacterial conjugation. Identification of transferred proteins relies on separation of donor and recipient after mating. This was achieved either by destroying the labeled donor cells by lysis-from-without with bacteriophage T6 or by using minicells as the recipient cells and separating the cells according to size. This second method exploits the finding that minicells are competent recipients in matings mediated by Incll plasmids (15) . We have investigated the location of the Sog polypeptides both in the donor cell and in the recipient cell after transfer. We have also determined their direction of transfer relative to that of the DNA and the number of Sog polypeptide molecules transmitted per conjugation cycle. (12) . Minicells were prepared from cultures of DS410 (14) . Incll plasmids were pLG221 (ColIb-P9drd-J cib::TnS [11] ) and pLG273 (ColIbP9drd-J cib::TnJO [17] Enzyme assays. P-Galactosidase activity was determined by the method of Casaregola et al. (9) by using fractions derived from BW96 grown in the presence of 1 mM isopropyl-o-D-thiogalactopyranoside. P-Lactamase activity, specified by pBR328, was measured by the method of O'Callaghan et al. (25) by using the chromogenic cephalosporin Nitrocefin (Oxoid Ltd.) at 10 ,ug ml-' in 50 mM sodium phosphate buffer (pH 7). One unit is defined as the amount of enzyme giving a change in A482 of 1 min'.
MATERIALS AND METHODS
SDS-polyacrylamide gel electrophoresis and Western blotting (immunoblotting). The basic procedure was that of Laemmli (19) . Gels consisted of a 7% stacking gel followed by a 10% separating gel (acrylamide monomer/dimer ratio of 44:0.8). Detection of radioactive bands was enhanced by fluorography (5 glycerol-5% P-mercaptoethanol), heated at 60°C for 5 min, and then boiled for 7 min. Lysate was cleared by centrifugation in a Beckman 5OTi rotor at 30,000 rpm for 30 min, and 30 ,l was loaded per track. Western blotting was as described previously (23) , with rabbit antiserum raised against a truncated form of sog primase (32) . Molecular weight markers used were myosin (200 kilodaltons [kDa]), phosphorylase b (92.5 kDa), bovine serum albumin (69 kDa), ovalbumin (46 kDa), and carbonic anhydrase (30 kDa).
Estimation of relative amounts of polypeptides. The relative intensity of individual bands in Coomassie blue-stained gels was determined from a positive-negative by using an LKB Ultroscan XL laser densitometer. The amount of 35S in an individual band was determined by the method of Ames (3). The band was cut out of the gel after fluorography and was wetted and solubilized in NCS tissue solubilizer (Amersham International) in scintillation fluid overnight at 37°C.
RESULTS
Location of Sog polypeptides in the donor cell. In a Coomassie blue-stained profile of whole-cell proteins prepared from strains carrying the sog gene, the larger Sog Fig. 4 ). However, the smaller polypeptide (Sog-160) comigrates with the RNA polymerase ,B and f' subunits, and its presence in whole-cell extracts is detected only by using antiserum raised against sog primase. To determine the locations of Sog-210 and Sog-160 in the donor cell, BW96 strains were lysed by sonication, and membrane fragments were separated from the soluble (cytoplasm plus periplasm) fraction. Inner membrane proteins were distinguished from outer membrane proteins on the basis of their solubility in Sarkosyl. Periplasmic samples were obtained by osmotic shock and by the preparation of spheroplasts, and the purity of the preparations was tested by assaying P-lactamase and P-galactosidase activities as periplasmic and cytoplasmic markers, respectively ( Table 1 ). The various fractions obtained were analyzed by SDS-polyacrylamide gel electrophoresis, and the presence of Sog polypeptides was determined by Western blot (Fig. 1) . In strains containing either the cloned sog gene on pLG215 (Fig. 1, lane 3) or the ColIbdrd-J plasmid pLG221 (lane 4), bands corresponding to the two Sog polypeptides were detected in the soluble fraction of the cell. Since no Sog polypeptides were detected in the periplasmic fractions, it was concluded that the majority of these polypeptides were localized in the cytoplasm of the cell, irrespective of whether the other tra genes were expressed in the cell. This localization of the Sog-210 to the cytoplasm agrees with that determined by Coomassie blue staining of cytoplasmic fractions of strains containing pLG221 and pLG215 (data not shown). In addition to the two expected Sog proteins, a new polypeptide of 77 kDa, which strongly cross-reacted with anti-Sog primase serum, was identified in the inner membrane fraction of cells carrying a complete I1 conjugation system (Fig. 1, lane 10) .
Transfer Fig.  4 ), the two types of conjugative pilus, and entry exclusion (27) but lacks the oriT region of ColIb; hence, no DNA transfer can be initiated. No Sog polypeptide transfer was detected from BW96(pLG2020) cells, indicating that transfer of Sog polypeptides is dependent on DNA transfer. A discrete set of proteins originating from the donor cells was nonspecifically retained by the recipients even when the labeled cells contained no plasmid (Fig. 2, lanes 5 and 6) . Predominant among these was a polypeptide of 38 kDa which precipitated with antiserum raised against OmpF protein (data not shown). This nonspecific retention is thought to be an artifact of the phage lysis procedure, which causes the release of a set of membrane proteins from the infected cells (22) . Presumably these polypeptides become associated with the T6r cells. The extra low-molecularweight bands nonspecifically retained when the donor cells carried either pLG273 or pLG2020 (lanes 3, 7, and 8) were probably due to the presence of tra proteins in the membranes of these cells.
To determine whether Sog polypeptides are transmissible from recipient to donor cell, T6-resistant donors of pLG273 were recovered after mating with T6-sensitive recipients that were labeled prior to mating. When the cloned sog gene was present in these recipient cells on plasmid pLG215, no labeled Sog proteins were recovered from the donor cells (Fig. 2, lane 11) . Hence, Sog polypeptides are transferred unidirectionally and in the same direction as the plasmid DNA. Again a set of proteins from the T6-lysed cells was retained, and all were found to be membrane associated (data not shown). It is noted that when the recipients contained pLG215, retention of one of the low-molecularweight proteins apparent in the control (lane 10) did not occur, presumably because of some alteration conferred on the cell envelope of cells carrying this plasmid.
Location of transferred Sog polypeptides in the recipient cell. Washed BW40 recipients, recovered from the T6 lysis procedure after mating with labeled donor cells, were fractionated as described above. When these fractions were analyzed by autoradiography, the transferred Sog proteins were associated solely with the soluble fraction of the cell, whereas the nonspecifically retained material fractionated primarily with the membrane proteins (Fig. 3, lanes 1  through 3) . Isolation of periplasmic material was attempted both by osmotic shock (lanes 4 through 6) and by the formation of spheroplasts, and in both cases, small amounts of both Sog proteins were detected in the released material. However, Coomassie blue staining of the periplasmic-protein profile also revealed the presence of RNA polymerase 1 and 13' subunits, indicating that some lysis of recipient cells had occurred, allowing the release of cytoplasmic components. This may reflect fragility of the cells caused by their extensive treatment after mating. Consequently, it was not possible to determine how much, if any, of the Sog polypeptides was located in the periplasm of the recipient cells. However, it is clear that the majority of these proteins were transferred into the cytoplasm of the cell.
Western blot analysis of fractions of mated recipients was used to search for small Sog proteins, as detected in fractionated donor cells. Although no 77-kDa polypeptide was detected, small amounts of a 50-kDa protein that crossreacted with anti-Sog primase serum were found in the inner membrane fraction of recipients after mating with donor cells carrying pLG273 (data not shown).
Quantification of Sog polypeptide transfer. The number of molecules of Sog-210 present in donor cells was estimated by comparison with the and (' subunits of RNA polymerase. Protein extracts of whole cells were prepared from exponentially growing BW96(pLG273) cultures; they were separated on 10% acrylamide gels and stained with Coomassie blue ( Fig. 4) . As determined by a scanning densitometer, the intensity of the Sog-210 band was 18% of that of the band containing the RNA polymerase ( and (' subunits and the Sog-160 protein. By taking a value of 9.6 x 103 ( plus 1' molecules cell-1 (T = 40 min [8] ) and allowing for different molecular weights, it was estimated that there were approximately 1.25 x 103 molecules of Sog-210 per donor cell.
The amount of Sog-210 protein transferred during conjugation was determined from the radioactivity in the Sog-210 band in the extract of mated recipients compared with the radioactivity in the corresponding band derived from an equivalent number of unmated donor cells. Values from four independent experiments were 15, 18, 24, and 26%. Therefore, approximately 20% of Sog-210 in the donors (-250 molecules) was transferred to the recipient. The amount of radioactivity in the Sog-160 band from mated recipients was at least 1.25 times greater than that in the Sog-210 band recovered from such cells.
DISCUSSION
It is shown here that both Sog polypeptides are located in the cytoplasm of the donor cell, which is consistent with the ability of sog DNA primase to substitute for E. coli primase in discontinuous bacterial DNA replication (32) . The cellular locations of other ColIb tra products are unknown, but by analogy with the majority of F tra products (33) , they are predicted to be predominantly membrane associated. One of the few F tra gene products located in the cytoplasm of the donor cell is traI DNA helicase (1). This is another tra protein known to be involved in conjugative DNA processing (18, 34) , and because tral, like sog, specifies two translational products, it has been suggested that these genes may act analogously in conjugation (30) .
Besides the Sog-210 and Sog-160 proteins, immunoblotting also identified a 77-kDa polypeptide in extracts of pLG221-containing cells which was predominantly associated with the inner membrane. This protein was absent when the sog gene on ColIb was interrupted by a TnS insertion (see Fig. 3 Our data point to the conclusion that the transfer of Sog polypeptides is dependent on DNA transfer. First, lysisfrom-without by phage T6 is known to block conjugative DNA transfer (13) , and when donor cells were treated with T6 prior to addition to the recipients, no Sog proteins were transferred to the recipients. Second, no transfer was seen from cells harboring pLG2020, a nontransferable recombinant plasmid specifying the Sog polypeptides and both types of I1 conjugative pilus required to establish cell-to-cell contact. In addition, Sog polypeptides synthesized in recipients could not be transmitted to the donor cells during mating, indicating that protein transfer is unidirectional and in the same direction as DNA transfer. It is proposed that the Sog polypeptides are transferred to the recipient as a consequence of their interaction with the single-stranded DNA, perhaps mediated by the C-terminal region common to both polypeptides. This model is based on the observation that an intact C-terminal region is required for Sog protein transfer and for efficient ColIb transfer (23) . The binding of Sog polypeptides to the DNA may, besides providing a mechanism of transfer for the primase, facilitate transfer of the DNA through the bacterial membranes.
By comparison with the amounts of C and 1B' subunits of RNA polymerase, it was estimated that there are approximately 1,250 Sog-210 polypeptides per donor cell. Approximately 20% of the labeled Sog-210 protein was transferred from the donor to the recipient in 30-min matings. Since in conjugation mediated by IncIl plasmids DNA transfer is limited to one or two strands per recipient cell (2, 6), as many as 250 molecules of Sog-210 may be transferred per DNA strand. Hence, the primase protein is transferred in noncatalytic amounts, and in addition, at least an equal number of Sog-160 molecules is transferred. It is known that Incll plasmid primase protein purifies as a DNA-binding protein (21) . Therefore a substantial fraction of the transferred single-stranded DNA may be complexed with Sog proteins. An appealing speculation is that the Sog polypeptides coat the transferred single strand, and besides protecting the DNA and generating RNA primers, they may act analogously to single-stranded-DNA-binding proteins to stimulate the activity of the DNA polymerase (10), thereby ensuring efficient regeneration of the intact plasmid molecule. It remains to be determined whether the transfer of specific tra proteins is a common feature of all conjugation systems.
